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Abstract—This paper proposes the concept, analysis
and design of a sinusoidally-modulated graphene leaky-
wave antenna with beam scanning capabilities at a fixed
frequency. The antenna operates at terahertz frequencies
and is composed of a graphene sheet transferred onto
a back-metallized substrate and a set of polysilicon DC
gating pads located beneath it. In order to create a
leaky-mode, the graphene surface reactance is sinusoidally-
modulated via graphene’s field effect by applying adequate
DC bias voltages to the different gating pads. The pointing
angle and leakage rate can be dynamically controlled
by adjusting the applied voltages, providing versatile
beamscanning capabilities. The proposed concept and
achieved performance, computed using realistic material
parameters, are extremely promising for beamscanning at
THz frequencies, and could pave the way to graphene-
based reconfigurable transceivers and sensors.
Index Terms—graphene, terahertz, sinusoidally-
modulated surfaces, leaky-wave antennas, beamscanning,
reconfigurability.
I. INTRODUCTION
Graphene’s unique electrical properties hold sig-
nificant promises for the future implementation
of integrated and reconfigurable (potentially all-
graphene) terahertz transceivers and sensors. In this
article, the term terahertz is used to define the
frequency range between 300 GHz and 3 THz [1].
However, only few studies have considered the use
of graphene in antenna applications. Initial works
employed graphene as a component parasitic to
radiation [2], [3], for instance as a switch element to
chose among different states of a reconfigurable an-
tenna. Then, the propagation of transverse-magnetic
(TM) surface plasmon polaritons (SPPs) in graphene
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Fig. 1. Proposed sinusoidally-modulated reactance graphene surface
operating as a leaky wave antenna. The polysilicon pads (yellow) are
used to modify the graphene conductivity σi as a function of the
applied DC voltage VDCi.
[4], [5] was exploited in [6] to propose patch
antennas in the THz band. This study was the first
to consider graphene an actual antenna linking free
space waves to a lumped source/detector, as needed
in most communication and sensing scenarios. Sev-
eral works have further studied the capabilities of
graphene in antenna design [7], [8] and even the in-
tegration of graphene in beam steering reflectarrays
[9].
On the other hand, different mechanisms have
been proposed to excite SPPs in graphene structures,
including the use of diffraction gratings [10], [11] or
polaritonic crystals obtained by modulated graphene
conductivity [12]. However, the applications of THz
transceivers which include chemical and biological
remote sensing, image scanning, pico-cellular and
intrasatellite communications, or high resolution
imaging and tomography [1], [13]–[15], require
antennas with specific capabilities in terms of beam-
scanning and directivity.
In this context, we propose the concept, analysis,
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2and design of a graphene sinusoidally-modulated
leaky-wave antenna (LWA) for electronic beamscan-
ning in the THz band. The antenna is based on the
principle of sinusoidally-modulated reactance sur-
faces to achieve leaky-wave radiation [16]–[18]. The
proposed structure, shown in Fig. 1, is composed of
a graphene sheet transferred onto a back-metallized
substrate and several polysilicon DC gating pads
located beneath it. The graphene sheet supports the
propagation of transverse-magnetic (TM) surface
plasmon polaritons (SPPs) [5], which can be con-
trolled via the voltages applied to the different pads
(note that the graphene sheet is connected to the
source ground). Indeed, as illustrated in the inset
of Fig. 1 and explained in more detail below, the
application of a DC bias to the gating pads allows to
control graphene’s complex conductivity [19]. This
property is exploited to sinusoidally modulate the
sheet surface reactance by applying adequate bias
voltages to the different pads, thereby creating a
leaky-wave mode [16]–[18].
Moreover, antenna radiation features such as
pointing angle (θ0) and leakage rate (αrad) can be
dynamically controlled by modifying the applied
voltages, thus allowing electronic beamscanning at a
fixed operating frequency. This simple and fully in-
tegrated antenna structure is designed and analyzed
using leaky-wave antenna theory [20] and validated
by full-wave simulations.
II. TUNABILITY OF GRAPHENE CONDUCTIVITY
Graphene is a two-dimensional material com-
posed of carbon atoms bonded in hexagonal struc-
ture. Its surface conductivity can be modeled using
the well-known Kubo formalism [21]. In the low
terahertz band and at room temperatures, interband
contributions of graphene conductivity can safely be
neglected [22]. This allows one to describe graphene
conductivity using only intraband contributions as
σ = −j q
2
eKBT
pi~2(ω − j2Γ)
[
µc
KBT
+ 2 ln
(
e
− µc
KBT + 1
)]
,
(1)
where KB is the Boltzmann’s constant, ~ is the
reduced Planck constant, −qe is the electron charge,
T is temperature, µc is graphene chemical potential,
Γ = 1/(2τ) is the electron scattering rate, and τ is
the electron relaxation time.
Graphene conductivity can be tuned by applying
a transverse electric field via a DC biased gating
structure (see Fig. 1). Assuming non-chemically
doped graphene (i.e., VDirac = 0 [19]), this field
modifies the graphene carrier density ns as
CoxVDC = qens, (2)
where Cox = εrε0/t is the gate capacitance and
VDC is the applied DC bias field. Neglecting the
quantum capacitance, i.e., assuming a relative thick
gate oxide [23], the carrier density is related to
graphene chemical potential µc as
ns =
2
pi~2v2f
∫ ∞
0
[fd(− µc)− fd(+ µc)]∂, (3)
where  is energy, vf is the Fermi velocity (∼ 108
cm/s in graphene), and fd is the Fermi-Dirac distri-
bution
fd() =
(
e(−|µc|)/kBT + 1
)−1
. (4)
The chemical potential µc is accurately retrieved by
numerically solving Eq. (3). Hence, we can see from
Eq. (1) that the graphene conductivity σ or surface
impedance 1/σ can be dynamically controlled by
VDC . This property can be used to create leaky-
wave antennas with dynamic control as introduced
in Section I and further detailed next.
III. SINUSOIDALLY-MODULATED REACTANCE
SURFACES
Electromagnetic propagation along sinusoidally-
modulated reactance surfaces was theoretically in-
vestigated in the 50s [16], but is still drawing signif-
icant interest as a powerful way to control radiation
properties [17], [24]. Surfaces with a dominant
positive reactance impedance (such as graphene)
allow the propagation of TM surface waves. If a
modulation is then applied along the y axis, the
modal surface reactance XS can be expressed as:
XS = X
′
S
[
1 +M sin
(
2piy
p
)]
, (5)
where X ′S is the average surface reactance, M the
modulation index and p the period of the sinusoid.
The interaction between surfaces waves and
the reactance modulation produces a Bragg radia-
tion effect thus creating leaky-wave radiation. The
wavenumber ky of the fundamental space harmonic
along the impedance modulated graphene sheet can
be written as [16]:
ky = βspp + ∆βspp − j(αspp + αrad), (6)
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Fig. 2. Schematic of graphene sheet transferred onto a back-
metallized substrate (a) and its equivalent transverse network along
the z-axis (b). The polysilicon pads have been neglected since they
are extremely thin and with permittivity similar to the one of the Si02
substrate used.
where βspp is the propagation constant of the SPP on
the unmodulated graphene sheet (i.e., with M = 0),
∆βspp a small variation in βspp due to the modula-
tion, αspp the attenuation constant due to losses and
αrad the attenuation constant due to energy leakage
(leakage rate).
In this kind of periodic LWAs, the fundamental
space harmonic is slow and usually the higher-order
-1 space harmonic is used for radiation [16]. In this
case, the pointing angle θ0 of the radiated beam is
approximated as [20]
θ0 = arcsin
(
β−1
k0
)
' arcsin
(
βspp
k0
− λ0
p
)
, (7)
where β−1 is the propagation constant of the -1
space harmonic, λ0 is a free space wavelength and
∆βspp is assumed much smaller than βspp [24].
Since the average surface reactance X ′S mainly
determines βspp and the modulation index M mainly
determines αrad, these LWAs allow for nearly in-
dependent control of the pointing angle and the
beamwidth [17].
In the next Section, a graphene LWA based on
this radiation principle is proposed taking into ac-
count realistic technological parameters for future
implementation.
IV. PERIODICALLY MODULATED GRAPHENE
LWA
A. Proposed Structure
The proposed sinusoidally-modulated graphene
LWA is shown in Fig. 1. It consists of a graphene
sheet transferred on a back-metallized substrate and
several independent polysilicon DC gating pads
beneath it. The surface impedance ZS = RS + jXS
at the graphene position (z = h) determines the
propagation characteristics of the SPPs, i.e., ky,spp =
βspp − jαspp.
In an unmodulated graphene sheet, the dispersion
relation of the SPPs can be computed by applying a
transverse resonance equation (TRE) to the equiva-
lent circuit shown in Fig. 2 [25], where the width w
of the graphene sheet is considered infinite. Then,
by enforcing YUP + YDOWN = 0, where
YUP =
ωε0
±
√
k20 − k2y,spp
, (8)
YDOWN = σ +
ωεrε0
±
√
εrk20 − k2y,spp
coth(±
√
εrk20 − k2y,spph),
(9)
the desired dispersion relation is obtained as
ωε0
±
√
k20 − k2y,spp
+
ωεrε0
±
√
εrk20 − k2y,spp
coth
(
±
√
εrk20 − k2y,spph
)
= −σ.
(10)
In the above expressions, ε0 is the vacuum permit-
tivity, εr is the dielectric permittivity, k0 = ω/c
is the free space wavenumber and h is the dielec-
tric thickness. The surface impedance ZS is then
computed as 1/YDOWN . It can be shown that the
polysilicon pads can be safely neglected since they
are extremely thin (∼ 100 nm) and with a relative
permittivity εr ' 3 [26] similar to the one of the
SiO2 substrate used.
As explained in Section II, in order to modulate
the surface impedance ZS , the graphene conductiv-
ity σ is modified by applying adequate bias volt-
ages VDC to the different pads. This allows one to
generate the desired periodic reactance modulation.
Here, one modulation period p is sampled in N
points according to the number of gating pads used,
namely, p = N(s + g), where s is the pad length
and g the distance between pads (see Fig. 3). The
dimensions s and g should be chosen such that
g  s in order to guarantee a fairly constant perpen-
dicular electrostastic field at the graphene section
above each polysilicon pad. Therefore, p can be
dynamically controlled according to the periodicity
imposed by the different VDC . Consequently, from
4V3 V4 V5 V4 V3 V2 V1 V2 V3 V4 V5 
TM Surface Wave 
XSmin 
Im{ZS} 
XSmax 
y 
N = 8 XS' 
Fig. 3. Schematic representation of the relationship between the DC
bias voltage VDC and graphene reactance XS .
Eq. (7), the proposed structure offers electronic
beamscanning at a fixed frequency. This is a novel
property absent when usual techniques such as the
use of sub-wavelengths printed elements or dielec-
tric slabs with variable thickness [17], [24], [27]
are employed to implement sinusoidally-modulated
LWA.
The impedance-modulated graphene sheet of
Fig. 1 may radiate towards both the upper and lower
half-spaces depending on the substrate permittivity
εr. The metallic plane is then used as a reflector
and one should choose the substrate thickness h
such that the main and the reflected beams add in
phase. In addition, it is important to remark that,
although SPPs on graphene sheets are confined into
the layer [5], the presence of a metallic plane at
a distance h from the graphene sheet might affect
their propagation characteristics. This is particularly
important when dealing with this type of LWA due
to their high dispersive nature, where a small varia-
tion on βspp can considerably tilt the pointing angle
θ0. Here, this phenomenon is taken into account in
the equivalent circuit of Fig. 2 and is illustrated in
the Section V.
B. Design Strategy
The design flow of the proposed graphene LWA
must take into account the technological limitations
of current graphene fabrication processes. There-
fore, given the parameters of a graphene sample
(τ , T , t, VDC), the substrate (εr), the frequency of
operation f0 and the pointing angle θ0, the design
steps are the following:
1) Given θ0, the needed propagation constant of
the -1 space harmonic β−1 is computed with
Eq. (7).
2) Knowing the substrate and the graphene prop-
erties, the propagation constant βspp of the
SPPs is obtained. First, the available values
of µc are found with Eqs. (2) and (3) as a
function of t and the range of VDC . Then,
graphene conductivity σ is computed with Eq.
(1) and, in turn, the wavenumber ky,spp of the
SPPs with Eq. (10).
3) The required modulation period p is then
computed as p = 2pi/(βspp − β−1).
4) The next step is to find the possible values of
the modulation index M that can be obtained
with the graphene sample. First, the surface
impedances ZS = RS + jXS are computed
as a function of µc. Then, the desired range
of reactances (XSmin − XSmax in Fig. 3) is
chosen, thus defining the value of M .
5) The leakage factor αrad can now be computed
as described in [16].
6) If beamscanning around θ0 is desired, the new
periodicities around p are computed with (7).
The dimensions of the gating pads s and g
and the different values of N are chosen in
order to synthesize the required periods.
7) Knowing the scanning range, the substrate
thickness h is then chosen so that there is
a constructive interference between the main
and reflected beams in all the different angles.
8) Finally, the complex propagation constant ky
is determined by Eq. (6) and the radiation
pattern of the LWA can be easily computed
using standard techniques [20].
V. DESIGN EXAMPLE
In this example we consider a SiO2 substrate of
permittivity εr = 3.8 [28]. We assume graphene
with a relaxation time τ = 1 ps, temperature
T = 300◦ K and design the antenna for operation at
f0 = 2 THz. The value of τ was estimated from the
measured impurity-limited DC graphene mobility
on boron nitride [29] of µ ' 60000cm2/(V s),
which leads to τ = µEF/(qev2f ) ' 1.2 ps for
a Fermi level of EF = 0.2 eV. Note that even
higher mobilities have been observed in high quality
suspended graphene [30].
The width w of the graphene strip is chosen
to be electrically very large (200 µm) in order to
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Fig. 4. Graphene chemical potential µc as a function of the DC
bias voltage VDC . Parameters: τ = 1 ps, T = 300◦ K, f0=2 THz
and εr = 3.8.
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
1000
2000
3000
µC [eV]
Im
pe
da
nc
e 
[Ω
]
 
 
Rs
Xs
Fig. 5. Surface resistance RS and reactance XS at the graphene
sheet (position z = h in Fig. 2) as a function of the chemical potential
µc. Parameters: τ = 1 ps, T = 300◦ K, f0=2 THz and εr = 3.8.
support the propagation of SPPs with the same
characteristics as in 2D infinite sheets [31] thus
allowing to use the simplified model of Fig. 2.
The graphene chemical potential µc as a function
of the DC bias voltage VDC , computed using Eqs.
(2) and (3), is shown in Fig. 4 for different values
of t. A distance t = 20 nm is chosen which offers
values of µc until 0.8 eV using VDC values below
45 V.
The surface impedance ZS is plotted in Fig. 5
as a function of µc. It is observed that, while the
graphene resistance RS remains fairly constant, the
reactance XS can be considerably modified. Under
these conditions, an average surface reactance X ′S =
1302 Ω/ and a modulation index M = 0.35 are
chosen. According to Fig. 4 and 5, this requires a
range of chemical potentials between 0.3 and 0.8 eV,
i.e., a range of DC voltages between 6.4 V and 45 V.
The voltage VDC needed for the desired X ′S is
13.5 V, i.e., µc = 0.436 eV. This corresponds to
βspp/k0 = 3.59 and αspp/k0 = 0.21. In order to
illustrate the effect of the metallic plane on the
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Fig. 6. Normalized phase constant βspp/k0 (a) and dissipation losses
αspp/k0 (b) of a SPP on the structure shown in Fig. 2 as a function
of the substrate thickness h. Parameters: τ = 1 ps, T = 300◦ K,
f0=2 THz, VDC = 13.5 V and εr = 3.8.
propagation of SPPs, βspp and αspp are plotted in
Fig. 6 as a function of h. The solid blue lines indi-
cate the values obtained in the case of a graphene
sheet on a semi-infinite substrate. It can be seen
that for h > 30µm the effect of the metallic plane
is negligible and thus the plasmon is indeed highly
confined to the graphene layer.
Once βspp is known, Eq. (7) allows determining
that the -1 space harmonic is in the fast-wave
radiation region for values of p comprised between
33 and 57 µm (see Fig. 7). Depending on the
size of the polysilicon pads, a different number of
scanning beams can be obtained. Although smaller
pads offer the possibility to generate more beams,
the complexity of the antenna also increases. As a
trade-off, the dimensions of the pads are here chosen
as s = 4.8 µm and g = 0.2 µm, which satisfy g  s
and can be manufactured with current technology.
This configuration can generate 4 different beams at
−45.4, −9.3, 15.4 and 37.5◦ by varying N from 7 to
10 (see Fig. 7). The radiation patterns obtained with
LWA theory and full-wave simulations for these
values of N are plotted in Fig. 8.
6TABLE I
PARAMETERS USED IN THE PROPOSED DESIGN EXAMPLE.
Graphene Substrate Polysilicon pads
τ T w εr h t s g
1ps 300◦K 200µm 3.8 60µm 20nm 4.8µm 0.2µm
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Fig. 7. Poiting angle θ0 as a function of the period p. N is the
number of polysilicon pads used to define one modulation period p.
Parameters: τ = 1 ps, VDC = 13.5 V, T = 300◦ K, f0=2 THz,
εr = 3.8, s = 4.8µm and g = 0.2µm.
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Fig. 8. Radiation patterns (ZY plane) for different values of N.
Solid lines are obtained with HFSS v14 and dashed lines with LWA
theory [20]. Parameters: τ = 1 ps, T = 300◦ K, f0=2 THz, VDC =
6.5− 45 V, εr = 3.8, s = 4.8µm and g = 0.2µm.
In this case, a substrate thickness h = 60µm
is chosen. A parametric study was performed to
determine the optimum value of h so that there is
a constructive interference between the main and
reflected beams in all the different scanning angles.
For the reader’s convenience, a summary of the
different parameters used in this design is presented
in Tab. I.
In the scanning region, the proposed LWA
presents a leakage factor αrad/k0 ' 0.025 and
dissipation losses αspp/k0 ' 0.21. The effective
length of the antenna for a 95% of dissipated power
is Le = 3/(2(αrad + αspp)) [20]. The radiation effi-
ciency ηrad of LWAs with non-negligible dissipation
0.5 1 1.5 2 2.5 3
500
1000
1500
2000
Frequency (THz)
|Z i
n| [
Ω
]
Fig. 9. Antenna input impedance vs frequency. Parameters: τ = 1 ps,
T = 300◦ K, εr = 3.8, s = 4.8µm and g = 0.2µm.
losses is given by [32]:
ηrad =
αrad
αrad + αspp
(
1− e−2(αrad+αspp)Le) . (11)
In our case, Le ' λ0 and ηrad ' 11%. The
radiation efficiency could be further increased by
using a wider range of VDC to achieve higher values
of M , e.g., M = 0.5 leads to ηrad ' 19%.
The antenna input impedance as a function of the
frequency is shown in Fig. 9. Note that presenting
high impedance values is a very desirable feature for
minimizing return loss when connecting the antenna
to a photomixer, since these devices present a high
input impedance with values in the range of KΩ
[33], [34].
VI. PRACTICAL CONSIDERATIONS
This section briefly describe practical consid-
eration related to the antenna’s performance and
fabrication.
First, the antenna directivity is increased when
using lower permittivity substrates. Indeed, reducing
εr reduces βspp and αspp and thus the effective
length of the antenna is increased. For instance,
using the same graphene sheet as in Section V on
a substrate with εr = 1.8 implies βspp/k0 = 2.23,
αspp/k0 ' 0.117 and αrad/k0 ' 0.02. Obviously,
since βspp is reduced, the values of p needed to scan
with the -1 harmonic are larger. In this case, using
pads of s = 8.8µm and g = 0.2µm and values of
N between 6 and 9 generates the beams shown in
Fig. 10. The effective length of the antenna is now
1.74λ0 allowing for higher directive beams and a
radiation efficiency around 15%. The drawback of
this configuration is that low permittivity substrates
are difficult to implement and a higher number of
polysilicon pads is required.
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Fig. 10. Radiation patterns (ZY plane) for different values of N.
Solid lines are obtained with HFSS v14 and dashed lines with LWA
theory [20]. Parameters: τ = 1 ps, T = 300◦ K, f0=2 THz, VDC =
6.5− 45 V, εr = 1.8, s = 8.8µm and g = 0.2µm.
Second, the radiation efficiency of the antenna
always depends on the graphene quality, determined
by the relaxation time τ . As τ increases, αspp
decreases and so do the losses. Measured values of
τ = 1.0 ps have been used in this work to obtain the
radiation efficiencies. Note that, even though these
values are not very high, they are within the state-
of-the-art of THz antennas [1]. Moreover, most THz
antennas do not include reconfiguration capabilities.
Third, the possible operation frequencies of the
proposed structure are limited by graphene quality
and the intrinsic behaviour of TM SPPs. On the
one hand, the minimum operating frequency is
within the low terahertz band (' 0.5 THz) where
graphene losses start to considerably increase and
the surface reactance cannot be widely tuned by
applying reduced DC voltages. On the other hand,
the maximum operating frequency is predicted to
be at few tenths of THz. At these frequencies, the
plasmons are extremely confined at the graphene
sheet and the dimensions of the polysilicon pads
become really small to be implemented with current
manufacturing processes. In addition, at very high
frequencies (usually starting from 8 or 10 THz),
the interband contributions of graphene conductivity
are no longer negligible [22] and further theoretical
studies would be necessary.
Concerning the fabrication process of the pro-
posed device, the following procedure could be car-
ried out. A back-metallized bare Si p-type wafer can
be employed as sacrificial substrate, covered by two
dielectric layers (conducting polysilicon and SiO2)
by using a deposition process. Before depositing
the SiO2, the polysilicon must be patterned using
e-beam lithography. Then, graphene is transferred
onto the stacks. Metalling contact must be defined
at the edge of the polysilicon pads by using optical
lithography, followed by the evaporation of gold
with a chromium adhesive layer and a lift-off pro-
cess [35].
It is also important to mention that the fringing
electrostatic fields between consecutive polysilicon
pads can be neglected and, therefore, they do not
perturb the conductivity profile along the z-axis on
graphene. First, it is shown in [36] that a finite-width
gating pad imposes a soft boundary condition on the
graphene sheet, leading to a smooth conductivity
profile. Second, in order to provide a sinusoidal
modulation of graphene’s surface reactance, con-
secutive pads are DC biased with relatively similar
voltages (as graphically illustrated in Fig. 3) thus
reducing even more the possible influence of the
fringing fields.
Finally, it is worth mentioning that no power
handling issues are foreseen in the proposed antenna
structure. Similar mono-layer configurations have
been studied and measured exhibiting really good
performances in terms of thermal conductivity [37].
VII. CONCLUSIONS
A graphene leaky-wave antenna which allows
electronic beamscanning at a single frequency has
been proposed. Its radiation principle is based
on sinusoidally-modulated reactance surfaces which
can be easily implemented using a graphene sheet
thanks to its tunable characteristics when applying
electric field biasing.
This novel antenna concept offers unprecedented
performances at the THz band such as electronic
control of several radiation characteristics preserv-
ing a radiation efficiency above 10%. The main
limitations in its design are imposed by graphene
properties (such as the relaxation time τ ), the range
of feasible voltages that can be applied to the gating
pads, and the availability of substrates in the THz
band.
The overall performances of this simple antenna
structure are very promising for its integration in
future all-graphene reconfigurable THz transceivers
and sensors.
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